In previous experiments, Streptomyces aureofaciens has been shown to contain four genes hrdA, hrdB, hrdD, and hrdE, encoding polypeptldes very similar to principal sigma factors of RNA polymerase. Two apparent tandem promoters were Identified for each of the hrdA, hrdB and hrdD genes by S1 nuclease mapping using RNA prepared of S.aureofaciens In various developmental stages. Under all the conditions studied, tandem promoters of each gene differed significantly In their respective strengths. Transcription from the hrd promoters depended on developmental stage. While hrdB is transcribed from both promoters in all developmental stages, both tandem promoters of the hrdD gene are active only In vegetative stage and transcription of the hrdA tandem promoters temporally correlates with the aerial mycelium formation. In addition to a promoter, hrdB-P2, which lies upstream of the open reading frame, the hrdB gene, proposed to encode functional principal factor, appeared to contain at least one internal promoter, hrdB-p-\. Activity of all promoters was consistent with S1 mapping experiments after Insertion of promoter-bearing DNA fragments to promoter-probe vectors pkJ486 and pARCL The results implicate temporally different expression of the hrd genes during the differentiation of S. aureofaciens.
INTRODUCTION
Streptomycetes are mycelial, Gram-positive bacteria which produce a variety of biologically active secondary metabolites, including the majority of known antibiotics (1) . Streptomycetes undergo a complex cycle of morphological differentiation. The initial vegetative stage is characteristic by a network of branching, multinucleate hyphae (the substrate mycelium). Differentiation occurs on solid surfaces. The older parts of the substrate mycelium give rise to aerial mycelium consisting of upwardly protruding hyphae that impart a characteristically fuzzy, white appearance on the colonies. The aerial hyphae undergo septation to form chains of uninucleate cells, which metamorphose into pigmented spores that impart a species-specific colour on the colonies (2) .
Among several levels of regulation of the differentiation, transcriptional regulation by heterogeneity of a factors has been shown to play an important role (for review see ref. 1) . The a factor encoded by whiG has been shown to be obligatory for sporulation in S.coelicolor A3(2) (3). In addition, S.coelicolor contains four other genes (hrdA, hrdB, hrdC and hrdD) that appear to encode a factors highly homologous to a 70 of E. coli (4, 5, 6) .
Only one of them, hrdB, was shown to be essential for growth (4) . It encodes a 66 that is suggested to direct transcription of 'house-keeping' genes after association with the core of RNA polymerase (7) . The function of hrdA, hrdC and hrdD is unclear at present (8) .
In S.aureofaciens CCM3239 (ATCC 10762), four genes, hrdA, hrdB, hrdD and hrdE, coding for homologues of principal a factor of RNA polymerase were identified (9) . Based on the close sequence similarity and on initial transcriptional analysis, three of them, hrdA, hrdB and hrdD, appear to represent analogues of S.coelicolor hrd genes. The hrdE gene probably represents a new rpoD homologue (9) . Northern blot hybridization experiments revealed that, similar to S.coelicolor (4) , only hrdB and hrdD are efficiently expressed in cells growing in liquid medium (9) .
To elucidate possible function of the hrd genes in S.aureofaciens, we have analyzed their transcription in various stages of development of the microorganism. The obtained data show temporally different expression of the hrd gene products during the S.aureofaciens differentiation. The observed presence of a possible internal promoter in hrdB coding region, indicating a complex transcription pattern, is also discussed.
MATERIAL AND METHODS
Strains, plasmids and culture conditions E.coli and Streptomyces strains, plasmids are described in Table  1 . Conditions for cultivation of E.coli and Streptomyces strains were as described (10, 11) . For RNA isolation, S.aureofaciens was cultured to late exponential phase (24 h) in liquid medium NMP (11) containing 0.5 % glucose as a carbon source. For RNA Level of Neomycin (Neo) resistance of 5. lividans TK24 with recombinant pLJ486 plasmids bearing promoter fragments was assayed on Bennet medium with 50 jtg/ml Thiostreptone (Thio) and with increasing Neo concentration.
DNA manipulations and transformations
E. coli and Streptomyces DNA manipulations, transformations and plasmid isolation were done as described (10, 11) . DNA fragments for DNA manipulations were isolated from agarose gel by GeneClean technique (BIO 101, LaJolla).
RNA isolation
RNA was isolated from surface cultures scrapped from cellophane membranes and harvested liquid cultures of S.aureofaciens as previously described (13) . Integrity of RNA was checked according to the intactness of internal rRNA after electrophoresis in agarose containing 2.2 M formaldehyde (10).
SI nuclease mapping
The high-resolution SI mapping described previously (13) was used with some modifications. DNA fragments for SI nuclease mapping ( Fig. 1) were dephosphorylated with calf intestinal alkaline phosphatase (BioLabs) and 5' end-labelled with T4 polynucleotide kinase (BioLabs) and [7- 32 P]ATP (Amersham, 3000 Ci/mmol) as described (10) . After further digestion with appropriate restriction endonuclease, uniquely labelled probes were purified from poly aery lamide gel as described (14) . 40 /tg of RNA was co-precipitated with 10 ng of the labelled fragment (approximately 200 000 cpm). The pellet was dissolved in 20 lA of water and lyophilized. The resulting pellet was resuspended in 20 /d of 3M NaTCA buffer (15) . After 5 min incubation at 65°C, the temperature was slowly decreased to 45°C and hybridization continued for 4 h. The samples were further treated as described (15) . The protected DNA fragments were analyzed on DNA sequencing gels together with G+A and T+C sequencing ladders derived from the end-labelled fragments (16 
RESULTS

Expression of the hrd genes in liquid cultures
Transcription analysis of the S.aureofaciens hrd genes by Northern blot hybridization indicated that only hrdB and hrdD are efficiently expressed in cells growing in liquid medium. No transcripts of hrdE could be identified under these conditions and only a very weak signal was identified in the case of hrdA (9) . The estimated size of messages corresponded to the deduced open reading frames (ORF), suggesting monocistronic organization of the hrdA, hrdB and hrdD genes (9) . To characterize the expression of the hrd genes in more detail, SI nuclease mapping of apparent promoters corresponding to the identified messages was performed. Similarly to the initial Northern blot experiments, the RNA used was isolated from S.aureofaciens grown to the late exponential phase in minimal medium NMP (11) . The probes employed are detailed in Fig. 1 . Initially, titration of S1 nuclease with the probe for hrdD was performed to established optimum digestion of the protected heteroduplex ( Fig. 2A) . 100 units of SI nuclease were found optimum and this amount of the enzyme was used in all subsequent experiments under the condition described in Material and Methods. Multiple weaker bands present in several of the SI-protection experiments might arise from digestion of SI nuclease into heteroduplex. In the SI mapping, two RNA protected fragments were identified. The shorter RNA-protected fragment corresponded to a more downstream apparent promoter termed hrdD-Pl with transcription start point (tsp) at T, 72 base pairs (bp) upstream from the most likely translation initiation codon. The larger fragment corresponded to a more upstream apparent promoter termed hrdD-Yl with KiKtsp at G, 332 bp upstream from the most likely translation initiation codon (Fig. 4) . For hrdA, no RNA-protected fragment was identified under the conditions used (data not shown). Initial SI mapping experiments for hrdB, using the probe 5'-labelled at the first Narl site in the coding region (Fig. 1) , revealed two RNA-protected fragments. They were located too far from the labelled end to enable precise localization of tsp. Therefore, separated probes for each of the apparent promoter were employed (Fig. 1) . Using these probes, two apparent tsps were identified. The one located more upstream, started at A, 161 bp upstream from the translation initiation codon of hrdB ORF (Fig. 4) which has the N-terminal sequence identical to that of a 66 from S.coelicolor (7). The corresponding apparent 1). Using RNA isolated from the early (19 h) or from late (36 h) aerial mycelium, no RNA-protected fragment was identified even after prolonged exposition of autoradiogram (Fig. 3, lanes  2,3) . For hrdA, similar to the results with the RNA isolated from liquid culture, no RNA-protected fragment was identified with the RNA isolated from substrate mycelium (13 h) (Fig. 3, lane  1) . However, with the RNA from the beginning of aerial mycelium, an RNA-protected fragment was identified (Fig. 3,  lane 2) . The fragment corresponded to an apparent promoter termed HrdA-Yl with tsp at A, 107 bp upstream from the most likely translation initiation codon (Fig. 4) . The activity of the apparent promoter increased more then 10 times with the RNA isolated from late aerial mycelium (Fig. 3, lane 3) . With this RNA, second shorter RNA-protected fragment also appeared. The fragment corresponded to a more downstream apparent promoter termed hrdA-Pl with KiKtsp at T or G, 40 or 39 bp upstream from the most likely translation initiation codon (Fig. 4) . In all of the experiments, no RNA-protected fragment was identified at these positions with tRNA as control (Fig. 3,  lanes 4) .
Characterization of the hrdA, hrdB and hrdD promoters of S.aureofaciens
The sequences of the apparent hrdA, hrdB and hrdD promoters are shown in Fig. 4 . Based on the sequence around -10 and -35 positions upstream of apparent tsp, all identified apparent promoters belong to the group of streptomyces promoters that do not display typical -10 and -35 regions characteristic of promoters recognized by the major form of RNA polymerase (17)-Sequence comparison of the apparent S.aureofaciens hrdB-P2, hrdD-Pl, and hrdD-Yl promoters with previously identified S.coelicolor hrdB-?, hrdD-Pl, and hrdD-Yl promoters (4) revealed extensive similarities. However, alignment of the whole upstream regions of the 5. aureofaciens and S. coelicolor hrdB and hrdD genes showed that the similarities persist over regions longer than promoters occupy.
Comparison of the DNA sequences upstream of the apparent tsp with 139 compiled promoter regions from Streptomyces spp. (17) revealed no significant similarity to any of the apparent hrd promoters.
Activity of the hrd promoters in vivo
To support the results of the transcriptional analysis, in vivo promoter activity was examined, using promoter-probe vectors pIJ486 and pARCl (18, 19) . DNA fragments bearing apparent promoters were inserted to the vectors as indicated in Material and Methods. The resulting plasmid, containing fragment with the hrdB-Pl apparent promoter (pIJ-hrdBPl) conferred Neo resistance on Streptomyces lividans TK24 to 15 /tg/ml, pLJhrdBP2 with the hrdB-Yl apparent promoter to 100 /ig/ml Neo, pU-hrdDPl with the hrdD-Pl to 20 /tg/ml Neo, and pU-hrdDP2 with the hrdD-Yl to 100 /tg/ml Neo (Tab. 1). Plasmid pIJhrdAP12, bearing DNA fragment with the both hrdA-Pl and hrdA-Yl apparent promoters caused resistance to less then 5 /tg/ml Neo. S.lividans TK24 with pIJ486 was unable to grow on the medium with 5 /tg/ml Neo. The inability of the hrdA promoters fragment to confer Neo-resistance on S.lividans TK24 spores when cloned into pIJ486 is not surprising given that the promoters are not expressed until aerial hyphae are formed.
The hrdA, hrdB and hrdD promoters-bearing fragments were cloned to promoter-probe vector pARCl (Tab. 1), where it is possible to see the expression in various developmental stages. Expression of brown marker pigment occurred in substrate mycelium when introduced plasmids pARC-hrdB and pARChrdD (Tab. 1), containing hrdB and hrdD apparent promoters, into S.lividans TK24. The cells with pARC-hrdA (Tab. 1), containing DNA fragment with the hrdA promoters, started to produce the marker brown pigment after the aerial mycelium had appeared. These results are in line with the results of transcriptional experiments. They suggest that the in vivo activity of all of the identified hrd apparent promoters is in the same correlation with the development as in SI mapping experiments.
DISCUSSION
The experiments described above show the presence of at least two tandem promoters directing expression of the S.aureofaciens hrdA, hrdB and hrdD genes. In each case, the more downstream promoter is much weaker then the one more upstream. SI nuclease mapping and in vivo promoter-probing show that expression of the hrdA, hrdB and hrdD genes correlates differently with a developmental stage. While hrdB has been shown to be expressed at the transcriptional level in all of the developmental stages tested, the hrdD appears to be expressed only in vegetative stage-substrate mycelium. On the other hand, expression of hrdA has been proven to be initiated at the beginning of aerial mycelium formation. This expression pattern suggests a distinct function of protein products of the hrd genes in respective developmental stages.
The hrdB gene has been suggested to encode principal sigma factor in S.coelicolor and S.aureofaciens (4, 7, 9) . Therefore, it is not surprising that its expression continues also in aerial mycelium to direct the expression of 'house-keeping' genes. The function of hrdD appears to be restricted to substrate mycelium and its protein product appears to be not required in other developmental stage. The function of hrdD is unclear at present. Gene disruption experiments of hrdD in 5. coelicolor did not reveal any significant phenotypic changes (4, 8) .
Based on the data presented here, a likely sigma factor encoded by the hrdA gene is probably involved in some process occurring during aerial mycelium formation or sporogenesis. However, disruption of hrdA in S.coelicolor and S.aureofaciens did not reveal any significant phenotypic alterations and the disrupted strains differentiate comparably with the wild type strains (4, 8; J.Kormanec-unpublished results). The important point will be to prove, whether the temporal expression of hrdA correlates with the spatial location of the gene product in aerial mycelium. SI-protection experiments with RNA isolated from scraped aerial mycelium from 36 h culture support this assumption, but we can not rule out possible expression in a contaminating substrate mycelium. Verification of the spatial location using antibodies against the overexpressed part of the hrdA gene product in E. coli is in progress. If the hrdA gene product is expressed in aerial mycelium, the question will arise why it is not necessary for development. Possible explanation of this obscurity may be that the hrdA gene is expressed in the substrate mycelium in the time of aerial mycelium formation and may have some function in this part of colony. Identification of the genes recognized by diis /t/Y£4-encoded sigma factor could help to answer the question.
A situation similar to the expression of the S.aureofaciens hrdA gene has been recently observed in Anabaena. Two new putative sigma factor genes, sigB and sigC, exhibiting high degrees of similarity to principal sigma factors, were identified. Expression of the genes was detected only under nitrogen-limiting conditions that lead to the Anabaena differentiation. However, disruption of the genes has no obvious effect on differentiation (20) .
Presence of internal apparent promoter hrdB-Pl in the S.aureofaciens hrdB gene is also of interest. This apparent promoter was not identified in hrdB of S.coelicolor, since the SI mapping probe used was labelled at a site upstream of the putative tsp (4). The faint band identified by Sl-mapping does not seem to be an artefact caused by a secondary structure, since it was not present in the control experiment with the same fragment and tRNA. Likewise, no secondary structure is present in the region. However, we can not rule out the possibility that the apparent internal tsp results from RNA processing. The level of Neo resistance is rather low (15 /ig/ml) and might reflect the presence of sequence that can function fortuitously as promoter. However, some features of its location suggest its possible role as a promoter. A possible ATG initiation codon in frame with the hrdB ORF, preceded by potential RBS, is located downstream of the tsp (Fig. 4) . This ATG codon was initially suggested as a start codon of the hrdB ORF (6) . Similarly, the analysis of the third position G + C of the hrdB ORF by FRAME program (21) preferred this ATG as a start codon. However, N-terminal amino acids sequencing of a 66 located translation initiation codon more upstream in the hrdB ORF (7).
The major promoter for the hrdB gene appears to be hrdB-Pl apparent promoter located upstream of the translation initiation codon GTG followed by the sequence encoding amino acids identical with those revealed in the N-terminal part of o* 6 by amino acids sequencing (7, 9) . Internal apparent weak promoter hrdB-Pl may play a specialized role in response to particular physiological conditions. This would suggest the presence of two in-frame N-terminally different HrdB proteins that may have specialized functions. In Streptomyces, there are known two examples of two or more polypeptides encoded by the same coding sequence. Two polypeptides with different N-termini encoded by sporulation gene of Streptomyces griseus are generated by temporal control of transcript accumulation (22) . Two internal promoters were identified in c repressor gene of Streptomyces phage <f>C3l generating two additional N-terminally differing proteins that may have different function in repression of phage development (23) . Investigation of conditions for induction of internal hrdB-Pl promoter and further experiments to prove this hrd expression at protein level are in progress. We have detected no induction of the promoter upon heat-shock induction (J.Kormanec-unpublished results). The results in this report may be the basis for further analysis of the biological role of hrd genes.
